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Introduction
The goal of this thesis is to investigate the characteristic of amplification of
rare earths doped fluoride in the 2µm region for application in Passive Q
Switching. In particular we will study the Thulium and Tulium-Holmium
doped systems in BaY2F8 and YLF4 hosts. The Passive Q Switching is a
technique that allows to obtain short pulses, a few tens of ns long, and high
peak power, up to tens of kW, simply by intracavity insertion of a saturable
absorber, without the need to use active devices and thus considerably re-
ducing costs and complexity.
The great interest in the solids state laser sources in near and medium
infrared is principally related to the water absorption spectrum. Water
exhibits a strong absorption for wavelengths longer than 1.6µm. This is the
main reason why this region is commonly called eye-safe region: when a laser
beam of these wavelengths hits the eye, all the energy is absorbed within the
first few mm of the tissue, thus principally by the lens and the cornea, leaving
untouched the much more delicate retina. This results in increased safety
for workers and is one of the main reasons why these wavelengths are widely
used in communication. This short penetration length is also exploited for
the construction of laser scalpels, especially in the range around 2µm.
If we focus our attention in this region, the absorption spectra of water
(see Fig. 1) is characterized by a maximum at 1900nm and a minimum at
2200nm. In this window the absorption changes by one order of magnitude
and consequently the penetration depth changes from 0.06mm to 0.4mm.
The typical Tm and and Ho emission are at the borders of this window,
at ≈ 1910 and ≈ 2050nm, respectively; as a consequence they are widely
used for medical applications. In this cases the penetration depth is the
fundamental parameter and the ability to chose it could change significantly
the effect on tissue. In this sense the Tm:BYF is really interesting because
shows 245 nm wide tunability range [2]. Moreover, pulsed lasers at 2µm
find application in LIDAR systems and as probes in atmospheric physics
for CO2, water vapor and wind speed measurement. Lastly, these systems
can be used as laser source for Optical Parametric Oscillators, for down
conversion to the mid-infrared by highly nonlinear non-oxide crystals such
as ZnGeP2.
Rare earths (RE) doped hosts are widely investigated as gain media
1
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Figure 1: Water absorption in the near infrared region (850−2500nm). The
working region of the developed lasers is highlighted.
in quasi-three-level diode pumped solid state lasers (DPSSL) in the near
and mid-infrared region[3]. The REs ions commonly used for these applica-
tions are Nd3+(in the ≈ 940 nm transition 4F 3
2
→4I 9
2
), Yb3+, Er3+,Tm3+
and Ho3+, that cover the wavelength range 0.9-4.6µm. They are called
quasi-three-level because of the reabsorption phenomena of the laser emis-
sion present in these systems, the detail will be discuss later in Sec:3.1. If
we also consider four level systems, the lasing range of RE doped material
can be extended up to 7.2µm [4]. In the 2µm region Tm and Ho are the
most widely investigated, and they will constitute the focus of this thesis.
An important limiting factor for application is the conversion efficiency,
the Continuous Wave (CW) performances of three level lasers generally high,
in RE doped gain media DPSSL it is not surprising to see slopes with η ≈
40 − 50%. In these systems, the two processes that usually mainly limits
the efficiency are the Up-conversion and the reabsorption. Clearly in PQS
operation the efficiency decrease sensitively, mainly because the intracavity
power density results several times higher then in CW operation and this
will greatly amplify all non linear processes.
Passive Q switching operation in the 2µm region was demonstrated with
several Tm doped matrices, but the best results were obtained with fluorides,
this is not surprising because the long lifetime of the multiplets give them a
great capacity to store energy and consequently achieve high energy pulses.
3The results in literature to date was achieved all in combination with
the ZnS saturable absorber and can be summarized as follow:
 0.9 mJ pulse energy, 65 kW of peak power for a pulse duration of 14ns
using Tm:YLF [5],
 1.26 mJ pulse energy 166 kW peak power and 7.6 ns pulse duration
for Tm:LLF [6].
Instead, for Tm-Ho co-doped crystals, only a few works are present in
literature. In fluorides, the best result achieved was:
 4µJ of pulse energy in 1.25µs, i.e., a 3.2 W of peak pulse for Tm-
Ho:YLF[7],
 and for the Tm-Ho:LuLiF4 [8] slightly better results were obtained
13µJ of pulse energy and 1.2µs, i.e., 10.8W of peak power.
The poor performance compared to the Tm single doping are mainly due
to the long pulse duration. A single sub-µs PQS was reported [9] but was
obtained with a complicated 2 crystals N2 cooled apparatus based on Tm-
Ho:GdVO4 as active medium.
In the first chapter of this thesis we will introduce the main spectroscopi-
cal properties of the Rare Earths, which stems from their peculiar electronic
configuration. We will skech the formalism that enable to understand this
configuration and to calculate the free ions energy levels scheme. The char-
acteristic ion-ion coupling of the REs is also described, together with the
resulting energy transfer mechanism.
The second chapter presents a description of the cristal hosts: we de-
scribe the two different fluoride matrices analyzed BaY2F8 and YLiF4. Then
we introduce the concepts of ground state absorption cross section, stimu-
lated emission cross section and then gain cross section. Here are also pre-
sented the the different cross sections needed to predict the behaviour of the
laser setup.
In the third chapter we describe the different parts of a general DPSSL
system and, in particular, the details of the DPSSL used in this work. Then
the work principle of the PQS is introduced and the expressions of quantity
of interest derived. Afterwards the saturable absorbers are described and
theirs properties argued.
The fourth chapter contains the results achieved for the Tm:BYF and
for the Tm-Ho:YLF and then we argue them comparing them to the results
in the literature.
In the end we report our conclusions and prospects for future develop-
ments.
4 CHAPTER 0. INTRODUCTION
Chapter 1
Rare Earths systems
The Rare Earth elements (RE) are a group of fifteen lanthanides, from
Lanthanum to Lutetium. These elements are known as rare earth mainly
because of two reasons: they are typically dispersed and not often concen-
trated in easily exploitable ore deposits and their chemical behaviour with
each other similar, makes difficult the process of extraction.
Since the early beginning of 20th century physicist were attracted by
the peculiar spectra of the RE’s compunds. Such spectra show extremely
sharp peaks, which is a common feature of free ions and molecules but not
of solids. [1]
The peculiar spectras are clearly due to theirs electronic configuration.
In Tab: 1.1 is reported the electronic configuration of REs, as you can see the
filling level is the 4F . The interesting thing, see Fig.1.1, is that the 4F is not
the spatially outer level. The 5S and 5P , wider from the nuclei, produces
a charge shielding effect that makes the 4F levels only lightly influenced
by the Crystal Field. Therefore the free ions spectra is a good zero level
approximation to describe the REs spectra in solids hosts.
1.1 Rare earts levels
1.1.1 Free ion
The peculiarity in the REs mainly lives in the their energy level structure.
An understanding of the way in which these levels can be calculated can be
helpful in providing us some intuition on the properties of the lantanide.
The energetic levels in REs, as mention before, are only lightly modified
from the crystal field, so the free ion energy structure is a good starting
point for approximation, but a precise computation of the energy spectum
is however not simple.
Usually the standard perturbation theory is used to compute atomic
spectra, but for the REs is not enough. The difficulties are due to the fact
5
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Figure 1.1: Modulus squared radial component of wavefunction of the three
outer shells of Tm3+ calculate with Quantum espresso.
that in the 4F levels, the levels we are interested in, the contribution of the
electron-electron interaction and the spin-orbit component are comparable.
The result is that the standard approach need a large amount of calcu-
lations and often fails to label correctly the RE’s energy levels. Theory of
continuous groups: it reveals to be useful to do make calculation bypassing
the choice of the basis.
Central field approximation and his limits
The electronic Hamiltonian in the free ion case, neglecting the exchange-
correlation terms, is:
H = T + Ven + Vee + Vso (1.1)
= − ~
2
2m
N∑
1=1
∇2i −
N∑
1=1
Ze2
ri
+
N∑
i<j
e2
rij
+
N∑
i=1
ζ(ri)~si. ~li (1.2)
where e and m are charge and mass of the electron, N is the number of the
electron in the incomplete shell (the complete shells produces only an addi-
tive constant to the energy), ri is the radial coordinate of the i-th electron,
rij is the relative coordinate between the i-th and the j-th electrons and
ζ(ri) is the spin-orbit interaction. The first term is the kinetics energy T ,
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Atomic
number
Element Electron con-
figuration
RE3+
Ground
term RE3+
Ionic radius
RE3+(A˚)
57 Lanthanum 4f05s25p6 1S0 1.1
58 Cerium 4f15s25p6 2F5/2 1.02
59 Praseodymium 4f25s25p6 3H4 1.00
60 Neodymium 4f35s25p6 4I9/2 0.99
61 Promethium 4f45s25p6 5I4 0.98
62 Samarium 4f55s25p6 6H5/2 0.97
63 Europium 4f65s25p6 7F0 0.97
64 Gadolinium 4f75s25p6 8S7/2 0.97
65 Terbium 4f85s25p6 7F6 1.00
66 Dysprosium 4f95s25p6 6H15/2 0.99
67 Holmium 4f105s25p6 5I8 0.97
68 Erbium 4f115s25p6 5I15/2 0.96
69 Thulium 4f125s25p6 3H6 0.95
70 Ytterbium 4f135s25p6 2F7/2 0.94
71 Lutetium 4f145s25p6 1S0 0.93
Table 1.1: Rare Earth elements.
the second the electron-nucleus interaction Ven, then the electron-electron
interaction Vee and the spin-orbit term Vso.
To solve the problem we use the central field approximation that define
the operator:
Hcf =
N∑
i=1
[− ~
2
2m
∇2i + U(ri)] (1.3)
In which the U(ri) is a spherical symmetric potential that collects all spheri-
cal contributes of the Vee and Ven potentials thus Vso is completely neglected.
This approximation assumes that every electron is moving independently in
a central field of the form −U(ri)/e.
The corresponding Schro¨dinger equation is:
N∑
i=1
[− ~
2
2m
∇2i + U(ri)]Ψ = EΨ, Ψ =
N∏
i=1
Ψi, E =
N∏
i=1
Ei (1.4)
with Ei, Ψi one electron eigenvalue and eigenfunction. Using this approach
we obtain the same single electron solution of the hydrogen atom but with
the potential term −U(ri)/e instead of −e/r:
Ψ(ki) = (ri, θi,ϕi) =
1
r
Rnl(ri)Y
ml
l (θi,ϕi) (1.5)
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Rnl(ri) is the radial function and Y
ml
l (θi,ϕi) the spherical harmonic func-
tion.
Clearly in this approach the 4f degeneracy is not solved, since the solu-
tion of the many body Hamiltonian is in the form of a Slater determinant
:
Ψ(k1, k2, . . . , kn) =
1
N !1/2
∣∣∣∣∣∣∣∣∣
Ψ1(k1) Ψ2(k1) Ψ3(k1) . . .
Ψ1(k2) Ψ2(k2) Ψ3(k2) . . .
Ψ1(k3) Ψ2(k3) Ψ3(k3) . . .
...
...
...
∣∣∣∣∣∣∣∣∣ (1.6)
so we still have the hydrogen atom degeneracy
(
2(2l+1)
n
)
, the 4f levels are
completely degenerate at this point.
We have now to take in account the not spherically symmetric part of
H as perturbation.
V = H −Hcf (1.7)
This additional potential will lift the degeneracy but as we told at the be-
ginning of the subsection this will need a lot of calculation and often fail to
label correctly the levels.
This is due to the fact that we need to chose convenient basis to diag-
onalize the perturbation V. The problem is that V is mainly composed by
two contributions: Vee is easily diagonalizable in a |SL〉 basis (S =
∑
i si,
L =
∑
i li)while Vso is diagonal in |JJ〉 basis (J =
∑
i ji, ji = si+ li). When
one of the two contributions is dominant the choice is simple, Vee  Vso
Russell-Saunders coupling, RS, or Vee  VsoL-S coupling, JJ. RS coupling
is used for light atoms where the electronic clouds are closer and the e-e
repulsion is the main contribution, JJ coupling instead is used in the calcu-
lation of the energetic levels of heavy atoms. Nevertheless in this case the
contributes are comparable consequently chose a base greatly complicates
the calculations and leads to a wrong solution.
Tensor operators
The goal of this section is not to present a detailed solution of the prob-
lem, but to present the basic ingredients and methods that are used in the
solution.
We need to calculate the matrices elements of Vee and Vso on the 4f
N
states, we denoted by S and L the total spin and angular momenta and MS ,
1.1. RARE EARTS LEVELS 9
ML are their projections:
〈4fNSLMSML|
N∑
i<j
e2
rij
|4fNS′L′M ′SM ′L〉 (1.8)
〈4fNSLMSML|
N∑
i
ζ(ri)~si. ~li|4fNS′L′M ′SM ′L〉 (1.9)
The idea is to create a tensorial structure which could represent the op-
erators we need, imposing the correct commutation rules (see Appendix A).
These structure allow us by the Wigner-Eckart theorem to reduce the calcu-
lation to a sum of expectation values of reduced matrices element properly
weighed by the Clebsch-Gordan coefficients (for details see [1] [10]).
For example the Columbian interaction between two electrons can be
rewritten, developing 1/r12 in Legendre polynomials and using their rela-
tions with the spherical harmonics, in the form:
e2
r12
= e2
∞∑
k
rk<
rk+1>
Pk(cos(ω12)) (1.10)
= e2
∑
k
rk<
rk+1>
4pi
2k + 1
k∑
q=−k
Y ∗kq(θ1,ϕ1)Ykq(θ2,ϕ2) (1.11)
where r< indicates the distance from the origin to the nearest electron and
r> the distance from the the origin to the furthermost, ω12 is the angle
between the two vectors r1 and r2, Ykq(θ1,ϕ1) are the spherical harmonic
functions.
Defining the tensor operator of degree k (see Appendix A):
Ckq =
√
4pi
2k + 1
Ykq (1.12)
the equation 1.11 becomes:
e2
r12
= e2
∑
k
rk<
rk+1>
k∑
q=−k
(−1)q(Ck−q(1). Ckq(2)) (1.13)
= e2
∑
k
rk<
rk+1>
Ck(1).Ck(2). (1.14)
where in the last step we used the definition of scalar product between tensor
operators A.11. Restricting ourselves to the case of 2 electrons in the 4f shell,
the matrix element then become:∑
k
〈4f2SLMSML| r
k
<
rk+1>
Ck(1).Ck(2)|4f2S′L′M ′SM ′L〉 (1.15)
=
∑
k
F k〈4f2SLMSML|Ck(1).Ck(2)|4f2S′L′M ′SM ′L〉 (1.16)
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with F k the radial integral defined as follow:
fk(r) = F
k = e2
∫
rk<
rk+1>
R4f (r1)R4f (r2)dr1dr2 (1.17)
Omitting details the result is:
〈4f2SLMSML| e
2
r12
|4f2S′L′M ′SM ′L〉
=
∑
k
fk(r)(−1)2l+LδSS′δLL′δMSM ′SδMLM ′L
{
l l k
l l L
}
〈l||Ck||l′〉2
(1.18)
As we can see, thanks to the Wigner-Eckart theorem, the matrix element
to be calculate becomes 〈l||Ck||l′〉 where l is the orbital momentum of an
electron and k, the index of the operator, goes from −q to q.
Now we need to calculate the reduced matrix elements. From the defi-
nition of Ck we obtain:
〈l||Ck||l′〉 = (−1)l[(2l + 1)(2l′ + 1)]
1
2
(
l k l′
0 0 0
)
(1.19)
The calculation of these coefficients can be found in [11]. What is important
is that the final result is a linear combination of radial integrals, which for
the 4f2 case is explicitly given by:
Wc(
3H) =F0 − 25F2 − 51F4 − 13F6 (1.20)
Wc(
3F ) =F0 − 10F2 − 33F4 − 286F6 (1.21)
Wc(
1G) =F0 − 30F2 + 97F4 − 78F6 (1.22)
Wc(. . . ) = . . . (1.23)
where Wc(
3H) for example is the value of the matrix element for the con-
figuration S = 1, L = 5.
The calculation of the spin orbit matrix element can be computed in a
similar way. Explicitly, the final result for the spin-orbit part is:
〈4fNSLMSML|
N∑
i
ζ(ri)(~si. ~li)|4fNS′L′M ′SM ′L〉
= ζ4f (−1)J+L+S′δJJ ′δMJM ′J
√
82
{
S S′ 1
L′ L J
}
〈fNSL||V11||fNS′L′〉
(1.24)
with ζ4f the radial part defined as:
ζ4f =
∫
R24fζ(r)dr (1.25)
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and the product tensor operator V11 defined by:
V1x =
∑
i
(sux)i (1.26)
where s is the spin operator and ux is the x component of the momentum.
Solving the expectation value of V11 in a similar way [11], we find out that
the J degeneration is solved and a new radial part, ζ, is introduced in
the expression of the energy levels. Now using the radials integrals as free
parameters, starting from the hydrogen-like atom values, and fitting they
with the experimental values we obtain the Free ion energy configuration
with a good approximation as we can see in Fig.1.2.
Figure 1.2: Er3+ level comparison between the intermediate coupling, the
experimental free ion spectra, the Er(C2H5SO4)39H2O and the Russell-
Saunders coupling.[1]
12 CHAPTER 1. RARE EARTHS SYSTEMS
1.1.2 Crystal Field effect
Once obtained the levels structure of the RE we need to put they in a host
to implement a laser system.
The host influences the levels structure by the crystal field. The effect
of crystal field is to solve the degeneration of Jz total angular momentum
projection along the quantization axis by stark effect. The usual order of
magnitude of the effects is reported in the diagram below 1.3.
104cm−14fN
2S+1L
103cm−1
2S+1LJ
102cm−1
2S+1LJ ,Jz
Coulomb Spin-orbit
Crystal
field
Figure 1.3: RE’s earths splitting scheme
The effect of the crystal field is usually the lowest, because of the reasons
above, and then could be treated as a perturbation. Another important ef-
fect of this perturbation is the mixing of parities of the 4fN states this is due
to the interaction between the electronic wavefunctions and the crystalline
field that have no defined parity. For this reason as Van Vleck pointed out
the 4fN states have a mixtures of 4fN−1nl . This mixing allow the electric
dipole transitions that is forbidden between levels with the same parities(L).
Consequently the transitions are not completely forbidden, the matrix ele-
ments are little and as result the lifetimes are very long, in the order of ms.
For this reason, level these are called metastable.
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1.2 Lifetimes and Energy transfer mechanisms
The long average life of the excited levels of the rare earths is observed even
in solids hosts if they possess certain characteristics.
The lifetime is defined as the average time that and excited state take
to decay neglecting stimulated processes. In solids there are two channels
of non-stimulated decay, one radiative and one non radiative. Therefore in
solids the lifetime of a multiplet a can be described as:
τa =
1∑
bW
R
ab +
∑
bW
NR
ab
(1.27)
In which b runs on the final states,
∑
bW
R
ab is the contribution of the radia-
tive mechanism and
∑
bW
NR
ab for the non radiative.
The long lifetimes of this metastable levels, makes appreciable also dif-
ferent energy transfer mechanism that usually lives in longer time scales that
involves the cooperation between different ions.
In this section we will illustrate the radiative, non radiative relaxation
mechanism and why the lifetime is strongly dependent from the temperature
and the cooperative mechanism.
1.2.1 Radiative relaxation
As anyone can imagine by the name the radiative relaxation is the relaxation
process that involve the emission of a photon. In real system like this the
transitions involves two manifold, composed by the sublevels created by
Stark interaction of the ions with the crystal field , and not two single levels.
But in this case the we are in fast thermal equilibrium conditions, the initial
excited state thermalize in ≈ 10−12s, because of the small splitting induced
by the crystal field see Fig.1.3, thus we can consider the initial state as a
single level.
The Aif Einstein spontaneous emission rate in approximation of dipole
transition can be written:
Aif =
64piν3if
3hc3gi
|〈ψf |P |ψi〉|2 (1.28)
νif the frequency of transition, gi the degeneracy of the initial state, P the
dipole operator.
As we mention before the dipole operator should be forbidden by se-
lection rules because of the parity. One could imagine that the transitions
observed are due to the magnetic dipole therm or the electric quadrupole but
this terms cant justify the intensity and the structure of the experimental
spectra.
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1.2.2 Non-Radiative relaxation
The non-radiative transitions are the transitions that involves phonons,
smallest is the gap in the transitions higher is the effect of these phenomena.
For this reasons often the transitions that involves manyfolds with energy
gaps lower than 1000cm−1 are completely quenched at room temperature,
also in fluorides.
As we know the phonons spectra have a cut-off that is typically several
time lower of the energy gap. This mean that the transition has to be
multiphononic, an higher order transition, and hence the main dependence
is in the number of phonon involved in the process. Consequently the phonon
cut-off have an important role in the choice of the crystal host.
A phenomenological approach that well describe such phenomena can be
found in [12]. Suppose an energy gap ∆Egap to overcame with phonons.
∆Egap = pihωi (1.29)
pi number of phonons and ωi theirs frequencies. And suppose also
W (p)
W (p−1)
= ε 1 (1.30)
where W p and W p−1 are the decay rate that involves p and p− 1 phonons,
this expresses what we said before. As a result the temperature dependence
of the non radiative decay rate can be hypothesized as a function only of
the occupation of the i− th phononic mode ni.
W (T ) = W0(ni + 1)
pi with W0 = W (T = 0) (1.31)
And replacing ni with the appropriate Bose-Einstein statistic become:
W (T ) = W0
(
e
hωi
KT
e
hωi
KT − 1
)pi
. (1.32)
This is the decay rate in a simple two level system but as we mention before
the transitions in our system is between manifolds.
Assuming a Boltzmann distribution of population in every manifold, we
can write:
W (T ) =
∑
a
∑
bWab(T )gae
∆a
KT∑
a gae
∆a
KT
(1.33)
a is the index that run over the excited manifold and b the index of the
lower one, Wab the decay rate from the level a to b, ga the degeneracy of the
level a and ∆a the energy gap between the bottom of the excited manifold
and the a-labeled level.
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Experimentally the non radiative decay shows a dependence from the
energy gap between the two many-folds involved. This is because W (T )
converges rapidly in p (see: 1.30) and we can write:
W (n) = An, (1.34)
with A constant and n is the number of phonons necessary to fill the gap.
From this we can obtain the phenomenological expression:
W = 
∆Egap
hωmax = Ce−α∆Egap (1.35)
where α and C are constant determined by the crystalline host.
1.2.3 Cooperative energy transfer mechanism
As we mention before the long lifetime of the 4f levels makes appreciable
some non radiative energy transfer mechanisms.
The transfer takes place when two RE’s ions are spatially close and
can interact directly, via electromagnetic multipolar interactions. In this
processes the two ions are usually labeled one as donor, the one that donate
the energy, and the second as acceptor, the one that accept the energy.
Thanks to the work of Fo¨rster and Dexter [13] [14] there is a simple the-
oretical description of the phenomena. Omitting the ions-lattice interaction
the energy transfer rate could be written as:
WAB =
2pi
~
|〈ΨA(2′)ΨB(1′)|Hint|ΨA(2)ΨB(1)〉|2
∫
fA(E)fB(E)dE (1.36)
where ΨA(2), ΨB(1) are the wavefunctions of the initial states, and ΨA(2
′),
ΨB(1
′) of the final states. fA(E) and fB(E) are the normalized line-shape
functions for the transitions of ions A and B.
The Hint is an electromagnetic multipolar interaction that include elec-
tric dipole-dipole (R−3), dipole-quadrupole (R−4) and quadrupole-quadrupole
(R−5) and magnetic dipole-dipole (R−3,R−5).
Consequently the energy transfer rate can be written as:
WAB =
ad−d
R6
+
ad−q
R8
+
aq−q
R10
(1.37)
with ad−d, ad−q, aq−q phenomenological parameters that can be determined
experimentally. There are different corrections that can be introduced adding
different interaction Hamiltonians but the main point is here. We have a
strong dependence from the distance and consequently form the doping .
The processes can be summarized as follow and for a simplified levels
system are schematized in Fig.1.4:
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Upconversion Cross-relaxation
Energy migration Excited state absorption
Figure 1.4: Energy transfer scheme.
Energy transfer scheme. The line are drawn in chronological order. The
full arrows represent the pump induced transitions, dashed arrows the non
radiative energy transfer,the snake arrows the radiative decay.
 Up-conversion: happen when two pump excited ions interacts; the
result is that one ion that will acquire the sum of energy of both the
ions and the other fall in the fundamental state. In this way is possible
to obtain a photon of higher energy and so shorter wavelength.
 Cross relaxation: this is the opposite process. One single pump-
pumped ions donates, clearly if there are available free energy levels,
part of his energy to the acceptor in the fundamental state. The result
here is the possibility to obtain two photons less energetic, and so with
a longer wavelength.
 Energy migration: in this case are involved one excited ion and and
one in the fundamental level, here the final configuration is the same
as the initial one. The only result is the spatial migration of the energy
from a ion to another.
 Excited state absorption: is not a cooperative mechanism but is
another process that usually take place in this system. The long life-
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time of the excited levels makes appreciable the probability that an
already excited state absorb a second photon.
Clearly depending on what we are interested in this channels could be
gain channels or loss channels. In the system in exam our goal is to obtain
2µm photons from a 800nm pump apparatus, so we will work in cross-
relaxation.
1.3 Laser idea
Laser is an acronym which mean Light Amplification by Stimulated Emission
of Radiation. Lets consider a simply two levels system of energies E1, E2
with population densities n1 and n2 that interact with an electromagnetic
wave of frequency ω12 =
E2−E1
~ .
The interaction will promote some electrons from the 1 to the 2 level
because of the stimulated absorption process:
dn2
dt
= B12φ(t)n1(t), (1.38)
and at the same time take place the opposite process due to the stimulated
emission process:
dn2
dt
= −B21φ(t)n2(t), (1.39)
where φ(t) is the radiation intensity in densities of photons per unit of
volume and B12, B21 are stimulated absorption and stimulated emission
coefficients.
In stationary conditions they are related by B21/B12 = g1/g2 and in
absence of degeneration we can consider B21 = B12 = B. From these two
relation we can extract the variation in the number of photons in the easiest
case
dφ(t)
dt
= B[n2(t)− n1(t)]φ(t). (1.40)
Thus in order to have light amplification we need the so called population
inversion, this take place when the upper energetic level become more pop-
ulated of the lower. In real systems more levels are involved so the energy
level scheme results much more complicated see Fig.3.2, and in solids the
response is not δ-shaped, but the main point is here.
To characterize the crystals used in this work we need to formalize the
idea of ground state absorption cross section and emission cross section and
how to measure them.
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Tm3+, Tm3+ − Ho3+ pumping scheme
3H6
3F4
3H5
3H4
λP λL 5I8
5I7
5I6
5I5
λL
Figure 1.5: Tm-Ho level scheme.
1.4 Tm and Tm-Ho systems
Since our purpose is to create a laser source in the 2 µm once understood
the mechanism involved we have to chose the RE ions that best fits our
purpose.
Looking the triply ionized RE’s levels 1.6 scheme the natural choice is
to use Ho3+ and Tm3+ . The interesting transition are:
 the 3F4 −→3 H6 of Thulium ≈ 1.9µm
 the 5I7 −→5 I8 of Holmium ≈ 2µm
Now the problem is to obtain the inversion of population in such levels. The
Thulium level structure in addition of the right fundamental first excited
energy gap has a strong cross relaxation from the 3F4 to the
3H4. This
due t to a lucky coincidence between the energy gaps of 3F4 −→3 H4 and
3F4 −→3 H6.
So the Tm3+ is pumped in the transition 3H6 −→3 H4 and the popula-
tion inversion is obtained by down-conversion. This could easily done with
the ≈ 800nm(12500cm−1) diode sources designed for the 4I 9
2
−→2 H 9
2
of
Nd3+.
Different is the situation for the Ho3+ where the energy mismatch-
ing in the transition involved is higher. So is difficult that the cross re-
laxation is enough to achieve the population inversion. Furthermore the
5I8 −→5 I5 transition is not accessible with laser diodes on market, needs
ad hoc designed source that could be very expensive if we need a useful
±3nm wavelength tolerance.
Because of that often the gain media are co-doped, the intention is to use
the easily accessible and strong absorption of Tm3+ 3H6 −→3 H4 and the
cross relaxation from 3H4 −→3 F4, and from there with energy migration
populate the 5I7 of Ho
3+.
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Figure 1.6: Triply ionized RE’s energy levels [15] with a dashed line on
5 ∗ 103cm−1 that correspond to 2µm wavelength.
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Chapter 2
Crystal hosts and
Spectroscopy
2.1 Crystal hosts
Once understood the processes that take place between the ions this should
be introduced in a host crystal.
As we mention one of the main features that the crystal should have
is a low max phonon energy in order to minimize the non radiative decay
rate but is not the only characteristic that influence the performance. The
proprieties of a good host are:
 low max phonon energy ;
 a high transparency region in the wavelength of interest ;
 a good resistance to thermal and mechanical stress;
 good thermal conductance.
There are mainly two different kind of hosts used for this applications:
oxides, and fluorides. In this thesis I tested two fluorides grown in Pisa
with Czochralski method and I performed some minor measurements on
one oxide grown in Tarragona. The oxides and fluorides follow two opposite
philosophy.
The oxides are often more resistant because they contain oxygen. The
covalent bonds of oxygen are stronger of the fluorine bonds and this give
rigidity to the lattice. The problem is that more rigid is the lattice higher
is energy of the top vibrational modes, typically 700− 900cm−1 for oxides.
21
22 CHAPTER 2. CRYSTAL HOSTS AND SPECTROSCOPY
They also don’t need special atmosphere to grow, indeed can be grown with
less complications.
The fluorides instead have lower maximum phonon energy, 350−500cm−1,
but they have a lower damage threshold . Furthermore the presence of flu-
orine, that is very reactive with the OH group, makes that the fluorides
needs special inert atmosphere to grow.
There are also other kinds of hosts that could be used like chlorate, ecc.
These have even lower phonon energy than in fluorides but they have also
very poor mechanical proprieties, they are so fragile that makes difficult
even to handle it.
Fluorides and oxides represent the two best compromised between low
phonon energy and good mechanical and thermal proprieties.
2.1.1 BaY2F8
The BaY2F8 (BYF) is a fluoride with a monoclinic crystalline structure that
contains 2 units of formula in the primitive cell. The lattice constants are a
= 0.6972 nm, b =1.0505 nm and c = 0.4260 nm and the angle between the
a-axis and the c-axis is β = 99.76◦ .
The symmetry space group is C2/m(C32h) and the sites of Y
3+ have a C2
symmetry. The first notation is Hermann-Mauguin where C indicates the
type of lattice, in this case a body centred lattice, 2 indicate the existence of
2-fold rotation axis and the /m the presence of a mirror plane perpendicular
to the rotation axes (the second is another notation Schoenflies symbol that
express the same symmetries but needs the International Tables to be cor-
rectly interpreted). I mention also the symmetry of the site because in this
matrices the doping is substitutional and the symmetry of the site could in-
fluence the spectroscopic proprieties. For example for low temperature only
the ground states of the multiplets are populated, the Jz=0 states, ergo
there isn’t parity mixing due to the crystal field and if the site have parity
defined the transition could be completely quenched.
Moreover the BYF have a very wide transparency window from U-V 200
nm up to mid-infrared 9µm and a very low phonon energy ≈ 350cm−1.
The crystal structure is monoclinic consequently the optical axis, con-
ventionally indicated with x, y and z, don’t match all the crystallographic
axes, in particular,see Fig.2.1, it has y ‖b and is biaxial this because the
refractive index ellipsoid has all the three axes of different length so need to
be investigated in all optical axis, for infrared wavelength the a axe is 11◦
rotated from the x and c 21◦ from z.
The refractive index along the y axis is 1.46 at 2000nm
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Figure 2.1: BYF unit cell structure
Figure 2.2: YLF unit cell structure
2.1.2 YLiF4
Also the Y LiF4 (YLF) is a fluoride but with a tetragonal structure with 4
units of formula in the primitive cell. The lattice constants are a=b=0.5160nm
and c=1.085nm see Fig.2.2.
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YLF BYF
Crystal structure tetragonal monoclinic
Symmetry I41/a C2/m
Lattice parameters (nm) a=0.5155 b=1.068 a=0.697 b=1.05
c=0.426 β=99.76
Trasparency window (µm) 0.18/6.7 0.2/9
Phonon energy (cm−1) 440 350
Refractive index @2µm ' 1.47 ' 1.46
Mohs hardness 4ö5 4ö5
Melting point () 819 995
Thermal conductivity (W/mK) 6.3 3.5
Specific heat (J/gK ) 0.79 08
Table 2.1: Main proprieties of YLF and BYF crystals.
I41/a(C
6
4h) is the symmetry space group and the Y
3+ has a S4 symmetry;
I indicates that is body centered, 41 that there is a 4-folded rotation axis
and /a indicate the existence of a glide plane along the axis a, this means
that after a translation of half vector a and a reflection in the plane perpen-
dicular to vector itself the structure remain unchanged. For YLF crystals
the transparency region goes from 200 nm up to 6µm.
The structure is tetragonal and this means is uniaxial and the three
crystallographic axes match the optical axis, two axes have the same index of
refraction so the only directions of interest are ‖ c and ⊥ c. It is widely used
also in high power application thanks to its negative thermal lens coefficient.
2.2 Spectroscopic characterization
In order to study the possibility to really build a laser we need to study the
spectroscopic proprieties of the doped crystal. We have to understand if an
inversion of population is really possible.
To make this we need to calculate the absorption and the stimulated
emission cross section curves, from absorbance and fluorescence measure-
ments, in order to obtain the gain curve.
The lifetimes of the levels are also a fundamental parameters that we have
to measure. Is necessary in the calculation of the emission cross section, for
the saturation intensity and give us an idea of the capacity of the crystal to
store energy.
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2.2.1 Ground state absorption cross-section
The ground state absorption cross-section σabs(λ) is a measure that quantify
the probability of a photon of a given frequency to be absorbed by a dopant
ion in a specific host.
An electromagnetic wave that pass through a medium follow the Lambert-
Beer law:
Itr(λ, d) = I0(λ)e
α(λ)d (2.1)
were d is the thickness of the sample, I0 is the intensity of the incident beam
and α(λ) is the absorption coefficient.
What we can perform is an absorbance measure, and from this extract
the σabs(λ). The absorbance defined as follow:
A(λ) = log10
(
I0
Itr
)
. (2.2)
Thus, from the the definition of absorbance follow that this measure is af-
fected by the thickness of material and the dopant ions concentrations. con-
sequently we can eliminate the dependence from the d parameter calculating
the absorption coefficient,
α(λ) =
A loge(10)
d
(2.3)
and from this the absorption cross section
σabs(λ) =
α(λ)
Ndop
(2.4)
were Ndop is the number of dopant ions in a volume, usually all length are
express in cm, so the cross section is in cm2.
Apparatus
The measurements are performed by CARY500 spectrophotometer by Var-
ian company. The work range is between 200 nm e 3200 nm and use two
different sources one deuterium lamp and one halogen lamp to cover this
range. It use also two different diffraction gratings/detectors configuration
according to the wavelength.
For the 200-800 nm range it use a 1200 lines/mm diffraction gratings
with a dispersion of 0.98nm/mm and a R928 photomultiplier by detector.
Instead in the 800-3200nm range a 300 lines/mm with a 3.2nm/mm
dispersion are used and a pbs photocell thermally stabilized to 0◦C by a
Peltier junction as detector.
The nominal sensitivity is 0.1 nm in the 200-800nm range and 0.4nm in
the 800-3200nm . A schematic view is in Fig.2.3.
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Figure 2.3: CARY400/500 internal view
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2.2.2 Results
In the following we reported the absorption coss-section in the pump region
and in the laser region for both the matrices. As regards the characteri-
zations of the co-doped Tm-Ho:YLF, for sake of simplicity we performed
the spectroscopic characterizations on the the single doped crystals instead
to work directly on the combined system. In the Tm:YLF is clearly visi-
ble absorption in at ≈790 nm for E‖ C exploited for pumping, instead in
Tm:BYF the best absorption is for E ‖ Y. The second sets of measures, the
absorption in the laser region, will be necessary later for the calculation of
the gain cross section.
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(a) Tm:BYF absorption cross section in the pump region.
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(b) Tm:BYF absorption cross section in the laser region.
Figure 2.4: Tm:BYF absorption cross sections in the pump region and in
the lasing region
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Figure 2.5: Ho:YLF absorption cross sections in the pump region and in the
lasing region
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2.2.3 Stimulated emission cross section
The stimulated emission cross-section σem(λ) is defined as the intensity gain
of a laser beam per unity of population inversion (we will define better later
but for now in enough to think that in a 2 level non degenerate system is
n2−n1 , see Eq:1.40) when no saturation effects are present or ESA processes
occur.
What we can perform here is a fluorescence measurements and from this
obtain the σem(λ) but the task now is a little trickier.
To calculate it we need to make some important assumption:
 the excited multiplets are stationary populated,
 the energy gaps intra-multiplets are little compared to the gaps be-
tween the between the multiplets, so the timescales are different. The
multiplet population have enough time to thermalize and we can as-
sume a Boltzmann distribution of population.
In this conditions we can assume the well known Einstein relations between
Aji spontaneous emission, Bji stimulated emission and Bij stimulated ab-
sorption.
What we also know is that the absorption cross-section σi→j and emission
cross-section σj→i are proportional to B Einstein’s factors (Bij = (c/hν)σij)
so we can write the relations:
σj→i(ν) =
gi
gj
σi→j(ν) (2.5)
σji(ν) =
λ2
8pin2
Ajigji(ν) (2.6)
the direction of transitions from now will be omitted but the formalism is
from left to right, n the refraction index and gji(ν) represents the normalized
line shape factor.
Now we have to link the intensity of fluorescence, Iij(ν), with the Aij
factor, that for low pumping rate can be written as:
Iij(ν)dν = GAjigji(ν)hνdνnj (2.7)
G is i a calibration that quantify the fraction of total fluorescence collected
by the experimental setup, and nj is the population density of j-th level.
Combining the 2.6 and 2.7 we can obtain:
Iji(ν)dν = G
8pin2
c2
hν3dνσji(ν)nj (2.8)
Now to extract the σem from the 2.8 we can use different method the
used in this work is called β − τ method [16] .
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As we told before in 1.27 the lifetime is due a two different relaxation
mechanism:
1
τtot
=
1
τR
+WNR, (2.9)
a different way to write the radiative lifetime of a multiplet is:
1
τR
=
∑
j
fj
∑
i
Aji ≡ η
τtot
(2.10)
where fj is the fraction of population pumped in the j − th state of the
multiplet , nj = fjntot, that in stationary conditions follow the Boltzmann
statistic, and i runs over final states. The last passage is the η definition,
η is called radiative quantum efficiency and quantify how much electrons
decay radiatively.
Hence if τR is known for a specific decay we can calculate Aji:
Aji =
βji
fj
1
τR
(2.11)
with βji is the branching ratio defined as the fraction of photons that from
j− th level decay in i− th state and can be measured directly by integration
of the relative fluorescence:
βji =
∫ Iji(ν)dν
hν∑
j′i′
∫ Ij′i′ (ν)dν
hν
. (2.12)
Once obtained the expression of βji we can calculate Aji then σem, the
problem of this method require the knowledge of η, the lineshapes of the
transition of interest and the branching ratios. These quantities are difficult
to determine with good precision and could affect the result, specially the
lineshapes because often different transitions and vibronic state are over-
lapped in the fluorescence spectra .
Consequently was developed and integral version that depends only on η
and on the whole fluorescence spectra and not from the individual lineshapes.
Dividing the 2.7 by hν, summing on j, i and integrating on dν it we obtain:∫ ∑
ji
Ijidν
hν
=G
∑
ji
Ajinj
∫
gji(ν)dν (2.13)
=
Gntotη
τtot
(2.14)
in the last line we used the 2.11 and the definition of fj , nj = fjntot , so ntot
is the total pumped population.
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We can now replace Gntot expression obtained in to 2.8, obtaining.
σji =
ηc2
τtotfj
∫ I(ν)
hν dν8pin
2hν3
Iij (2.15)
where I(ν) is the total fluorescent signal
∑
ji Iji(ν) and the integral is over
the whole fluorescent spectrum.
In order to account for overlap with other transitions k −→ l, we define
an effective stimulated emission cross section based on the population in j.
σeff (ν) = σji +
∑
kl
fk
fl
σkl(ν) (2.16)
Then finally combining 2.15 and 2.16 we obtain:
σem(λ) =
ηλ5
τf
(∫
λI(λ)dλ
)
fj8pin2c
I(λ) (2.17)
In this measurements is better to use thin and low doped samples to avoid
the internal re-absorption and in order to consider the negligible quenching
effects due to ion-ion interactions in order to approximate η to 1.
Apparatus
monocromator
phototube
chopper
lock-in
PC
source
sample
ﬁlter
Figure 2.6: Schematical wiew of the fluorescence apparatus
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The typical fluorescence apparatus is composed by a source, that usually
is a Ti-sapphire or a diode. One lens that focus the pump on the sample and
another one that collects the the fluorescence in the perpendicular direction
in order to not collect the pump. Then a chopper that modulate the signal
connected to the lock-in, it is necessary because the fluorescence is extremely
low and you need to increase the signal to noise ratio. A filter is placed in
front of the input of the monocromator to cut off the scattered pump and
then a phototube to collect the radiation. Lock-in and monocromator are
connected to a pc that by a lab-view program drives the monocromator and
collects the signal from the lock in.
Results comment
As you can see from Fig.2.7b the sample used to calculate the emission
cross section in the Ho:YLF was heavily doped. In order to obtain a more
accurate measure is better to use only light doped samples, but in this case
wasn’t possible to perform this measure.
However the emission cross section obtained is comparable to those found
in the literature [17]. This because the fluorescence of such high doped sam-
ples results: on the one hand amplified because the interested multiplet 5I5
is pumped by cross relations that results stronger for high doping concentra-
tions, and on the other hand also the non radiative decay channels results
amplified. Then outcomes is a lucky substantial compensations of the ef-
fects and the results, although is not the exact value, can be validly used as
indication.
Below for the sake of completeness is reported the whole fluorescence
spectra of the co-doped 5%Tm0.5-%Ho:YLF.
2.2.4 Lifetimes
The lifetime apparatus is similar as the fluorescence, see Fig.2.6. The only
difference is in the pump that now is the Ti-sapphire in pulse mode, so no
chopper is needed. The Ti-sapphire pulse duration several order of magni-
tude shorter of the lifetime to measure, in the order of the tenth of ns.
The oscilloscope is now triggered by the flash lamp of the Ti-Sapphire,
the oscilloscope also average the signal up to 2048 times to obtain a good
signal.
Simply fitting the signal of the specific λ of the transition we are inter-
ested in we will obtain the lifetimes.
Below we reported the lifetime of the the level of interest for the laser at
T=300K. Is also reported the lifetime of the 3F4 of Tm that results quenched
compared to the BYF value, even if the total doping concentration is lower,
because of strong coupling with the 5I7 of Ho.
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Figure 2.7: Tm:BYF and Ho:YLF emission cross section in the laser region.
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Figure 2.8: Fluorescence of 5%Tm - 0.5%Ho:YLF.
Sample transition Lifetime(ms)
8%Tm:BYF 3F4 →3H6 16.95
5.2%Tm-0.5%Ho:YLF 5I7 →5I8 15.35
5.2%Tm-0.5%Ho:YLF 3F4 →3H6 13.5
Table 2.2: Laser transitions lifetimes
2.2.5 Gain
Now we are able to calculate the gain. The gain is a comparison between the
absorption and the emission cross section, for a specific transition, weighed
by a parameter β = nup/ntot, the ratio between the population density in
the upper laser level and the total population involved.
In this way we can understand in which wavelength regions and for
which ratios β the inversion is possible. If the gain is positive this means
that the spontaneous emission dominates the absorption thus also neglecting
the stimulated emission more photons are emitted than are absorbed.
(λ) = βσem − (1− β)σabs (2.18)
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(c) Tm:BYF Gain cross section for E || Z.
Figure 2.9: Tm:BYF Gain cross sections 1900-2000 nm.
2.2. SPECTROSCOPIC CHARACTERIZATION 37
b=0.1
b=0.2
b=0.3
b=0.4
b=0.5
2020 2040 2060 2080 2100
lHnmL
-5.´ 10
-21
-4.´ 10
-21
-3.´ 10
-21
-2.´ 10
-21
-1.´ 10
-21
1.´ 10
-21
2.´ 10
-21
s
gain
Icm2M
(a) Ho:YLF Gain cross section for E ⊥ C.
b=0.1
b=0.2
b=0.3
b=0.4
b=0.5
2020 2040 2060 2080 2100
lHnmL
-2.´ 10
-21
-1.´ 10
-21
1.´ 10
-21
2.´ 10
-21
s
gain
Icm2M
(b) Ho:YLF Gain cross section for E || C.
Figure 2.10: Ho:YLF Gain cross sections 2000-2100 nm.
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Chapter 3
Laser systems
3.1 Three level system
To better understand the behaviour of ours system is better to introduce
the classical three levels laser. As the name suggests involves three levels
E1 E2 and E3 with degeneration g1 g2 and g3. The energy gaps are, ∆E12
and ∆E23, the second is comparable with the max phonon energy instead
∆E12 is larger ∆E12  ∆E23.
The laser is pumped from the ground level 1 to the level 3 , the elec-
trons rapidly thermalize in 2 and from there radiatively decay in 1, the
transition 2 −→ 1 where we want to achieve the laser transition. We can
3 Levels scheme pumping
1
2
3
λP λL
Figure 3.1: Three level laser configuration.
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now hypothesize that τ32/τ21 ≈ 0. If we consider the population densities
n1,n2,n3 in stationary conditions n3 is almost empity n3 ≈ 0. Hence the
total population density is ntot = n1 + n2.
The rate equation for n1 can be written:
∂n1
∂t
=
(
n2 − g2
g1
n1
)
cφσ − n2
τ21
−Wpn1 (3.1)
where the first therm is the sum of stimulated absorption and stimulated
emission (see eq:2.5), the second is the total spontaneous decay rate and the
last the pumping rate, everything per unit volume.
The total density of electrons is constant so we can also write,
∂n1
∂t
= −∂n2
∂t
. (3.2)
Now is necessary to define the inversion population density as:
n = n2 − g2n1
g1
. (3.3)
This correspond to the population of the upper laser level if the lower laser
level is completely depleted, but here, in a three level laser, the lower laser
level is also the ground state so is always populated.
At this point is possible to write a single equation that describe the
population dynamic:
∂n
∂t
= −γnφσc− n+ ntot(γ − 1)
τf
+Wp(ntot − n) (3.4)
where γ = 1 +
g2
g1
and τf = τ21. (3.5)
The systems in exams are not exactly three-level lasers but quasi-three-level.
The difference is that the ground state is many-fold, so the electrons that
decays from the upper laser level thermalize in the 0 level this partially
depopulate the lower laser transition, but is still present some population
density. Therefore a quasi-three-level acts as a middle way between three-
level, in witch the lower laser level is heavily populated and four-levels were
we can consider it empty.
Have a lower laser level populated affects the laser behaviour for two
main reasons:
 a populated lower laser level need ad higher pump rate to achieve a
positive population inversion density,
 and introduce the re-absorption, once emitted the photon could be
reabsorbed by the crystal itself because the ground state is populated,
and this could limits the efficiency.
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By the way the concept of quasi-three-level could also be extended in-
cluding also the system with a metastable low laser level. This could be
done because even if no ground state is involved the population present in
the low laser level affects the inversion population density and makes ap-
preciable the re-absorption phenomena, making again the dynamic neither
a four-level, nor a three-level. This is the case of Er3+, Ho3+ and Pr3+ for
application in 2.8-4.6 µm region, for detail see [3].
Clearly the real system involves more levels, observing the complete
scheme Fig:3.2 we can translate it in rate equations. For Tm system for
Tm3+, Tm3+ − Ho3+ pumping scheme
3H6
3F4
3H5
3H4
λP λL 5I8
5I7
5I6
5I5
λL
Figure 3.2: Tm and Tm-Ho levels scheme.
Tm and Tm-Ho levels scheme, where the full arrows are the pump and the
lasers transitions. the snaked the spontaneous radiative decays, the dashed
the non radiative processes, that from right to left are the tree decays, the
cross relaxation and the migration .
example:
∂n3
∂t
=− n3
hc
∫
λσe(λ)IP (λ)dλ+
n0
hc
∫
λσa(λ)IP (λ)dλ
− (R32 +R31 +R30)n3 + UC11↔30 (3.6)
∂n2
∂t
=R32n3 − (R21 +R20)n2 (3.7)
∂n1
∂t
=− n1
hc
∫
λσe(λ)IS(λ)dλ+
n0
hc
∫
λσa(λ)IS(λ)dλ
−R31n3 +R21n2 +R10n1 − 2UC11↔30 (3.8)
∂n0
∂t
=−
M∑
m=1
∂nm
∂t
(3.9)
where:
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 n0,1,2,3 are the population densities of the four levels involved in in-
creasing order of energy,
 IP (λ) is the pump intensity, IS(λ) intensity of the laser signal,
 RXY total rate transition (sum of radiative and non radiative) from
the X to the Y level
 and UC11↔30 is the transfer energy rate between ions that can be
written as:
UC11↔30 = K1130n21 −K3011n3n0 (3.10)
K1130 is the coefficient for the up-conversion 11 → 30 and K3011 for
the cross-relaxation 30→ 11.
The notation is slightly different because we preferred leave the pump
and the signal in intensities. The other difference is in the is in the line-
shapes that are no more treat as δ-shaped but generic so in the stimulated
therms appear as integrals that runs over the wavelength .
3.2 Continuous-wave laser setup
A diode pumped solid state laser is composed by three main part:
 a gain medium (in this case the doped crystals we described)
 a pump system (a diode laser that excites the electrons in higher energy
levels)
 an optical feedback system ( a cavity used to keep the radiation trapped
and achieve the population inversion)
3.2.1 Pump laser diodes
In this work we used two different laser pumps because the different crystal
field of different hosts could slightly modify the energy gaps of interest. In
this case we find out that the 3H6 −→ 3H4 absorption line of Tm is 10 nm
shifted from oxides to fluorides. The 802nm source is usually used for oxides
and the 793nm for fluorides.
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802nm wavelength stabilized diode laser Dilas Mini System 10/200-
VBG
The first laser diode is an AlGaAs diodes array fiber coupled N.a. 0.22
core diameter 200µm connected with a lens assembly (collimator and 3 cm
focusing lens) designed for 1:1 imaging. This laser diode is stabilized by a
volume Bragg grating system this technology is based on the insertion of an
wavelength stabilizing element, a brag grating, that select the wavelength.
These gratings can be produced in different ways, the specific one is a thick
volume grating based on a photo-thermo-refractive inorganic glass. Record-
ing of highly efficient Bragg gratings in such photosensitive glass is achieved
by periodic variation of the refractive index by uv exposure. In this way the
temperature induced wavelength drift can be reduced down to 0.01nm/K
the current induced to 0.013nm/A and the band width to less then 0.3nm
with standard diodes we usually have 0.3nm/K and 0.1nm/A. Everything
is automatically driven by a Lab-view program.
792.5nm multi-emitter Intense
This is a standard diode array laser AlGaAs fiber coupled N.a 0.15 core
diameter 105µm focused in a 120µm pump spot. The diode is controlled in
current by a Profile LDC 3000 B laser diode controller and also controlled in
temperature by a peltier-junction cooler system a Newport 350b tempera-
ture controller . As we can see from Fig.3.4d the spectra is large ≈3 nm and
is also sensitive from temperature and input current, so is necessary before
any measurement tune it in order to maximize the absorption.
44 CHAPTER 3. LASER SYSTEMS
(a) Dilas system
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Figure 3.3: 802nm Dilas Mini System 10/200-VBG
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(a) Intense diode
(b) Temperature controller and power
supply
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Figure 3.4: 793nm Intense diode apparatus
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3.2.2 Optical resonator
A feedback system, in the simplest case, is constituted by one perfect reflect-
ing mirror, input coupler (IC), and one partially reflecting mirror, output
coupler (OC). The role of the resonator is to keep trapped the laser signal
and extract it by the unreflected radiation that pass trough the OC.
Clearly, in real system, the radiation is not perfectly trapped because
there are different losses that could be due to several causes:
 not perfect mirrors,
 losses due to the gain media,
 misaligned components,
 scattering or diffraction.
Our purpose is to obtain the population inversion. To do this is necessary
keep the losses low. To better understand this we introduce the single pass
gain G:
G = e
∫ L
0 (σem(λL)N1(z)−σabs(λL)N0(z)). (3.11)
This is the single-pass amplification G of the laser medium of length L.
A necessary condition to achieve lasing is to satisfy the so called threshold
condition that is expressed by:
(1− Toc)(1− Λ)G2 > 1 (3.12)
were Toc is the transmission of the semi reflecting mirror OC and Λ is the
generic therm that contains all losses such as scattering or misalignment.
Beam waist in the cavity
The role of the cavity is to keep confined a gaussian beam (see App:A.2):
between two mirror in order to obtain a resonator. The simplest way to
obtain this is use two curved mirrors. Imagine to have a gaussian beam that
propagates through the space, place at a certain distance a curved mirror
that fit the wavefront curvature, the beam will be reflected exactly back-
wards on the same path. Introducing now a second mirror in the opposite
direction we confine the radiation in a cavity.
Translating this in formula we will obtain:
R(z1) = z1 +
z2R
z1
= −R1
R(z2) = z2 +
z2R
z2
= R2
l = z2 − z1
(3.13)
where l is the distance between the two mirrors R1 and R2 the their radius
of curvature and z1 and z2 the distances of the two mirrors from the beam
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z
R2R1
l
Figure 3.5: Generic cavity.
waist (keep in mind that if the the mirror is on the left of the waist the z
quantity is negative ) and zR is the initial Rayleigh range of the beam.
Is useful now to define the resonator g parameters as:{
g1 ≡ 1− lR1
g2 ≡ 1− lR2 ,
(3.14)
and replacing in 3.13 we can obtain the Rayleigh range of the trapped beam:
z2R =
g1g2(1− g1g2)
(g1 + g2 − 2g1g2)2 l
2 (3.15)
and the position of the mirrors relative to the gaussian beam waist:
z1 =
g2(1− g1)
g1 + g2 − 2g1g2 l, (3.16)
z2 =
g1(1− g2)
g1 + g2 − 2g1g2 l.
From this we can achieve the waist spotsize describing the Rayleigh range
in therms of spotsize zR =
piω20
λ (See App:A.2):
ωo =
lλ
pi
√
g1g2(1− g1g2)
(g1 + g2 − 2g1g2) (3.17)
and the spotsize on the mirros:
ω1 =
lλ
pi
√
g2
g1(1− g1g2) , (3.18)
ω2 =
lλ
pi
√
g1
g2(1− g1g2) .
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In Eq:3.18 to have solutions that makes sense the condition to satisfy is
0 < g1g2 < 1. This is the stability condition of the resonator, shows if exists
a unique set of transverse gaussian resonator modes.
To perform these experiments we chose L shape hemispherical cavity,
see Fig. 3.6. An hemispherical cavity is composed by a plane input mirror
R1 = inf and a concave output coupler R2 therefore g1 = 1, g2 = 1− l/R2,
and it is stable if 0 < g2 < 1. The minimum waist and the spotsize at the
oc then could be written as:
ω20 = ω
2
1 =
lλ
pi
√
g
1− g , (3.19)
ω22 =
lλ
pi
√
1
g(1− g) . (3.20)
(3.21)
This configuration is the commonly used in Passive Q Switching because
with this kind of configuration is easy have the control of the size of the
spot that passes through the active medium and the trough the saturable
absorber,see Fig.3.11.
Crystal
SA
Figure 3.6: Folded emispherical cavity, where SA is the saturable absorber
necessary for the Q-switching that will be introduced in the follow.
The used mirrors are:
 Input mirror: ARcoated for the pump wavelength AR(808+980nm) <
0.5% and high reflection coated for the laser wavelength (R > 99.9%, 1.8−
2.075nm), Layertec, batch G1203002
 Folding mirror: highly transmitting (HT) the pump and highly reflect-
ing (HR) the laser radiation at 45◦ (R > 99.9, 1875− 2135), Layertec.
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 Output coupler: partially reflecting for laser wavelength at normal
incidence (0◦, 1820− 2050nm), the transmissions we used were Toc =
1.5%, 3% 5%, 10% and 20%. Radius of curvature =75mm, Layertec,
batch.
The choice to fold the cavity was made in order to avoid that the unab-
sorbed residual pump could hit the SAS and increase the the already high
fluence on the absorbers.
3.2.3 Samples mounting
All Tm:BYF samples utilized in this work are z-cut, this means that the
beam passes through the gain media along the z axis, so the z faces are
polished in order to avoid the scattering but in this case not AR-coated.
The samples are mounted in copper structure with Y perpendicular to the
direction of propagation. We chose this configuration because as we saw
before in Fig.2.4a the higher absorption cross section was measured for E‖Y .
The Tm-Ho:YLF instead is cut perpendicular to the C axis because the
higher absorption cross section was measured for E‖C, see Fig.2.5a , also
this sample is not AR-coated.
The copper support is hollow and water cooled. The connected chiller
was setted at 16◦C, not above to avoid the condensation of air humidity
on the crystal. An indium foil is also place between crystal and copper to
increase the thermal coupling.
(a) Copper support. (b) Chiller.
Figure 3.7: Crystal support and cooling system.
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3.3 Passive Q Switching
The Q of Q switching is called quality factor and is defined as the ratio of
the energy stored in the cavity and the energy loss per cycle. The idea is to
introduce a new element in to the cavity that could modulate the Q factor
in time. Modulating the losses of the cavity the laser system is periodically
moved above and below the threshold. When the losses are high and the
laser system is below the threshold the population began to be stored in the
upper laser level of the gain media till the saturation (when almost all the
active ions are in the excited state and the active media start to bleach),
at this point the Q factor is increased again and all the energy stored is
released in a very short time (τp).
The Q modulation can be introduced in several ways but the main
grooves are two: Active Q Switching, AQS and Passive Q Switching, PQS:
 In the AQS the new element introduced in the cavity is drived by an
external signal that can be modulated on purpose. Usually are used
acusto-optic devices but this imply the use of a lot of electronic that
increase significantly dimensions and costs of the apparatus.
 In the PQS instead no electronic is necessary because the Q modu-
lation occour passively. The element introduced is called Saturable
Absorber, SA, this element can be ingegnerized in different ways.
In the past for example were used as SAs organic dye solution but but
they degrade quickly and the cross section is not so high, nowdays are pre-
ferred Cr or Fe ion doped media, or the newest carbon nanotube or graphene
based SA [18]. The SA used in this work are Cr2+ doped Zinc selenide and
Zinc sulfide. Like the gain media the SA’s hosts are large gap semi con-
ductors (3 − 4eV ) but in this case the dopant ion Cr2+ have a very large
absorption band, not sharp peaks like the rare earths. This absorption is
the loss channel introduced. The lifetimes of the excite levels of SA τ2a are
usually shorter (typically in the ns-ps range) of the gain media lifetimes τ2g
(ms).
These works like a two levels systems with a finite number of ions. When
the rate of emission of photon from the gain media become higher than
the relaxation time of the absorber (γa), the SA ground state starts to be
depleted the SA bleachs. This reduces the absorption coefficient of the SA,
and consequently the induced losses.
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3.3.1 From Rate equation to peak characterization
In order to describe quantitatively the PQS process let’s introduce the rate
equations for the photon number φ(t), the gain population difference ng(t) =
ng2 − ng1 and the absorber population difference na(t) = na1 − na2 for a
generic laser system [19].
dφ(t)
dt
= [Kgng(t)−Kana(t)− γc]φ(t) (3.22)
dng(t)
dt
= Rp − γ2gng(t)−Kgng(t)φ(t) (3.23)
dna(t)
dt
= −γ2a[na(t)− na0]−Kana(t)φ(t) (3.24)
were γ2g and γ2a are the population recovery rates for the gain media and
for the absorber defined as 1/τ2a, 1/τ2g, Kg and Ka instead are the coupling
coefficients and lastly na0 is the total doping density in the SA.
Figure 3.8: ng dynamic in a repetitive Qswitching[20].
The process can be splitted in differents phases:
 There is a first phases called pumping phase in which the Q factor
is low and the photon density in the cavity is so low that the the
stimulated emission therm could be avoided.
Because of that the Gain population inversion became:
dng
dt
≈ Rp − ng(t)
τ2
⇒ ng(t) = Rpτ2
[
1− exp
(
− t
τ2
)]
(3.25)
The population inversion in the gain media could increase till the sat-
uration of the absorber reaching ngi, that indicates the inversion pop-
ulation density in the initial phase of the emission of the pulse.
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 Then take place the absorber saturation, we define the moment t=0
the moment in witch the absorber starts to saturate.
As we told before the gain media and the SAs have different order of
magnitude of difference in timescales. So we can consider the satura-
tion of the absorber a snapshot, consequently in order to to solve the
system a stationary solution of 3.24 of na is a good approximation.
na ≈ na0
1 + Kaγ2aφ(t)
(3.26)
This means that the saturation is almost instantaneous in the time
range of the pulse emission.
As regards the photon, before the saturation of the absorber at t = 0
the photon grow rate instead can be written as:
φ(t)
dt
≈ [Kgng0 −Kana0 − γc]φ(t) ≡ γg0φ(t) ⇒ φ(t) = φiexp(γg0t)
(3.27)
where φi is a very small starting value something of the order of a
fluctuation.
About the variation of the inversion population density in the gain
media, during the pulse emission the rates of pumping and spontaneous
emission can be avoided, because they are too slow compared to the
stimulate emission therm, and we can then write:
dng
dt
= −Kgng(t)φ(t) ⇒ ng(t) = ng0exp
[
−Kg
∫ t
0
φ(t′)dt′
]
(3.28)
 Now immediately after at t > 0 we can expand φ(t) to the next order
in t. In this moment we have an high population inversion but still no
laser action because of the low photon density in cavity.
Replacing the φ expression obtained in 3.27 in 3.28 and integrating it
we obtain:
ng(t) = ng0exp
[−Kgφ(t)
γg0
]
, (3.29)
now we can replace the ng expression obtained 3.29 the 3.26 in to the
3.22 and obtain:
1
φ(t)
dφ(t)
dt
= Kgng0exp
(−Kgφ(t)
γg0
)
− Kana0
1 + (Ka/γ2a)φ(t)
− γc (3.30)
1
φ(t)
dφ(t)
dt
≈ γg0 +
(
K2ana0
γ2a
− K
2
gng0
γg0
)
φ(t) (3.31)
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where from Eq:3.30 to Eq:3.31 we expanded in Taylor the the right
side of the equation.
From this we can understand that there are two different threshold
conditions in order to have a positive grow rate:
– γg0 > 0, the γg0 defined in 3.27 has to be positive, this imply that
in the moment of the saturation, at t = 0, the gain exceeds the
unsaturated losses induced by the absorber.
– and the second therm K
2
ana0
γ2a
− K2gng0γg0 > 0 give us
K2ana0
K2gng00
> γ2aγg0 .
This instead physically imply that in the moment of saturation of
the absorber, the gain is still not saturated so the net gain turns
upward and the emission rate of photons become faster. This is
the reason why the best performance are obtained for repetition
rates of approximately 1/τf .
 At this point there is the pulse time interval for t = ti > 0. The
exact behaviour of the emission of the pulse for a PQS system can be
computed by numerical method but with some approximation can be
treated a generic Q switched pulse emission.
If we consider 3.22 and 3.23 just after the saturation of the absorber,
considering it instantaneous, and forgetting about it. We can write:
dφ(t)
dt
= Kg[n(t)− nth]φ(t) (3.32)
dn(t)
dt
= −2∗Kgφ(t)n(t) (3.33)
where Kgnth = γc is simply a different way to consider the losses due
to the cavity, instead to use a cavity decay time we use a minimum
inversion density. The 2∗ parameter is called “bottleneck parameter”
and is introduced to take in to account the population of the lower laser
level. If the lower laser level is not the fundamental and can be rapidly
depleted (four-level laser behaviour) this parameter is 1 because we
have population inversion until the excited laser level is completely
depleted, instead if the lower laser level is also the fundamental we
can convert at most half of the electrons (three-level behaviour) and
2∗ = 2. As we told before this is a quasi-three-level so we are in the
middle because the ground state is neither half filled nor empty and
the value of this parameter is in the middle between this two limits a
n depends by the energy level scheme.
If now we consider t = ti the time at which the emission of the pulse
starts we can write:
n(ti) = ni ≡ rnth, φ = φi ≈ 1 (3.34)
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we defined r that as the ratio between ni, the density of population
inversion in the gain media at the begin of the emission, and nth the
threshold inversion density.
Dividing 3.32 for 3.33 and integrating it from 0 to t we obtain:
dφ(t)
dn
=
nth − n
2∗n
2∗
∫ φ(t)
φi
dφ =
∫ n(t)
ni
(nth
n
− 1
)
dn
2∗φ(t) ≈ ni − n(t)− ni
r
ln
(
ni
n(t)
)
. (3.35)
Now let t run till the photon density goes to 0 when the pulse emission
is finished, we can write:
ni − nf − ni
r
ln
(
ni
nf
)
≈ 0 (3.36)
with nf is the density inversion of population when the emission is
finished see Fig.3.8. In this way we finally obtained fundamental Q-
Switching energy relation.
 Lastly at the end of pulse emission the gain inversion population den-
sity starts to rise again from nf .
Now from this relations we can derive the three main quantities that
characterize a pulse: Pulse Energy, Peak Power and Pulse width.
The Pulse Energy is easy to obtain the only think to do is to subtract
from the initial stored the residual energy due to the residual population.
Up = Ui − Uf = ni~ω − (ni + nf )~ω
2∗
=
ni − nf
2∗
~ω (3.37)
Clearly in real systems part of the photons are lost because of the losses of
the cavity, but typically the ratio of photon that are extract from the cavity
by the OC several times higher of the losses so they can be neglected.
To calculate Peak Power instead we need to to calculate the density of
photon at the maximum. The point is identified by dφdt = 0, this happen
when the density of inversion cross the threshold n(t) = nth So we need to
calculate 3.35 for n(t) = nth.
φp =
r − 1− ln r
2∗
nth Pp =
φp~ωa
τc
(3.38)
where r = ni/nth is the same defined in 3.34. The interesting think in this
equation is the dependence on τc that can be clearly controlled changing the
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transparency of the OC but also changing the length of the cavity, τc is the
average time that a photon spend in to the cavity.
The last important parameter is the Pulse Width.
τp ≈ Up
Pp
= τc
ni − nf
ni − nth[1 + ln (ni/nth)] (3.39)
This result is not exactly equal to the FWHM of the pulse but it comes
closer is rougly 20% smaller but to characterize it is enough, also here is
present an important τc dependence.
For your information this is for one of the main reason of the success
of the Q-Switched microchip lasers, these are extremely compact systems
where the SA is directly deposited on the gain media, consequently thanks
to dimensions of few hundreds of micrometers could achieve pulse width
order of tens of ps.
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3.3.2 Saturable absorbers
The saturable absorbers used in this work are Cr2+:ZnS and Cr2+:ZnSe
provided by IPG photonics tipically used for laser operation in the 1.5 −
2.1µm range, with different initial transmissions.
(a) Example of Cr2+:ZnS. (b) Example of Cr2+:ZnSe.
Figure 3.9: Photos of Cr2+:ZnS and Cr2+:ZnSe.
This absorbers are polycrystalline semiconductor used largely in infrared
application because of their wide transparency window,e.g. 0.55-20µm for
ZnSe, and doped with Cr2+ that ensures a wide absorption band in the
region of interest.
The two matrices affect also the lifetimes of the Cr2+ excited level. the
reported values are τ=5 µs for ZnS and 8 µs for the ZnSe.
The ground state absorption cross section is not the optimal to work in
this wavelength region as we can see in the Fig.3.10 because we will work at
the limit of the band .
σgsa(1920)[cm
2] σgsa(2000)[cm
2] σgsa(2050)[cm
2]
Cr2+:ZnSe 6.9x10−19 3x10−19 2.1x10−19
Cr2+:ZnS 3x10−19 1x10−19 7x10−20
Table 3.1: Ground state absorption cross section values for the wavelengths
of interest.
Following is reported a table with the initial transmissions of the avail-
able SA at different wavelength. The first column is the thickness, the
second column is the nominal initial transmission provided by the company
for the 1910-1920 nm range, the third and fourth columns are calculated
extrapolating the σs from data available in literature [21].
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Figure 3.10: Cr2+:ZnS, Cr2+:ZnSe and Cr:CdSe ground state absorption
cross section.[21]
thsa[cm] T0(1910-20nm) T0(2000nm) T0(2050nm)
0.082 0.76 0.88 0.92
0.181 0.85 0.93 0.95
Table 3.2: Thickness and initial transmission of Cr2+:ZnSe samples.
thsa[cm] T0(1910-20nm) T0(2000nm) T0(2050nm)
0.22 0.78 0.92 0.94
0.22 0.85 0.95 0.96
0.22 0.92 0.97 0.98
Table 3.3: Thickness and initial transmission of Cr2+:ZnS samples.
This give us an idea of the initial transmission for PQS operation with
Holmium.
As we explained before, the pulse energy 3.37 depends on ni-nf . This
difference is determined by the dynamic of the saturable absorber. To sat-
urate the absorbers the intra cavity power have to overcame the saturation
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intensity:
Is =
hν
σgsaτ
. (3.40)
Below is reported an estimation of the saturation intensity for the two
SAs used in this work:
Isat(1915nm) Isat(2000nm) Isat(2050nm) [kW/cm
2]
Cr2+:ZnS 69 198 270
Cr2+:ZnSe 17 41 57
Table 3.4: Saturation intensity estimation for the wavelengths of interest.
Moreover the saturable absorber is placed in the second arm of the cavity
and varying the distance from the OC we can change the beam radius on
the SA and consequently tune the fluency and indirectly the repetition rate.
Below is reported the variation of the beam radius in function of the distance
in a equivalent cavity simulation for a 75mmROC OC, 4.2mm Tm:BYF and
2.2mm ZnS.
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Figure 3.11: Simulation of the beam radius on the SA in function of the
distance from the OC.
3.3.3 Detectors
In order to detect the pulses generated by the PQS we needed detectors
extremely rapid.
For this work, we used two different ultrafast InGaAs photodiodes:
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 UPD-70 IR2 by ALPHALAS whose work optimal range is 800 - 1700
nm for which the quantum efficiency is greater than 80%, but main-
tains a sensitivity that allowed us to detect peaks of high intensity up
to 2µm. The nominal risetime of the photodiode was 70ps so is able to
detect signal up to 5 GHz. This detector was used for measurements
on Tm: BYF.
 ET-5000 by EOT instead in an extended InGaAs ultrafast photodiode.
The sensitivity of this photodiode is extended nominally up to 2150nm.
The risetime in this case is 28ps and so this ensure a bandwidth up to
12.5 GHz.
We used it in the Tm-Ho:YLF measuremets because was impossible
to detect the Ho signal with the previous phototodiode. This was due
to the higher wavelength emission, and so still lower efficiency, and a
signal 3 orders of magnitude smaller than the Tm: BYF.
Both the photodiodes was use in combination with a LeCroy WaveSurfer
Xs-A 1 GHz oscilloscope that limits the time resolution to 1ns.
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Chapter 4
Results
4.1 Tm:BYF
4.1.1 Previous Tm:BYF results and considerations
When I started to work on Tm:BYF at the Max Born Institute there was a
SPIE paper waiting to be published [22]. The best result previously achieved
was 720µJ of energy pulse, with 50Hz repetition rate and 17.1KW of peak
power obtained by a 8% 2.5(z) x 2.9(x) x 3.0(y) z-cutted Tm:BYF.
However these performances were poor compared to other fluoride hosts
like YLF [5] or LiLuF4 (known as LLF [6]). In [5] energy pulses of 0.9 mJ
and peak power of 65 kW for a pulse duration of 14 ns were reached. In
[6] energy pulses of 1.26 mJ, peak power 166 kW for a pulse duration of 7.6
ns has been found. The samples were both 8% Tm doped and the lifetimes
of the excited laser level is similar to the one of the BYF: 14.07 ms for the
YLF and 12.06 ms for the LLF.
Several factors can lead to the different performances of the BYF with
respect to the ones of the fluoride hosts. Due to the lower emission cross
section, the lasering condition for the BYF is more difficult to achieve with
an OC larger than the 20% [22]; in the case of the fluoride hosts, both the
results have been obtained with a 32% OC. Furthermore the damaging of
the crystals represent another important limitation, as shown in Fig.4.1.
During this work we nevertheless tried to improve these results using a
new set of samples. All the samples used, except the 8% doped sample, were
of similar dimensions of the ones described in [22]. The 8% doped sample
used in this work is 1.7mm longer since it was providing the best results and
it was not damaged at the end of the measurements.
 8%:Tm:BYF 4.2(z)x2.9(x)3.2(y) z-cutted
 12%:Tm:BYF 3.1(z)x3.08(x)x3.16(y) z-cutted
 18%:Tm:BYF 3.08(z)x2.85(x)x3.07(y) z-cutted
61
62 CHAPTER 4. RESULTS
Figure 4.1: Damage in previously used samples.
Damage spots can be seen in the 12%tm : BY F and a crack in the
18%Tm : BY F
4.1.2 18%:Tm:BYF
We started testing the 18%:Tm:BYF (the most doped sample) with an out-
put coupler transmission (Toc) of the 10%.
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Figure 4.2: Cw performance and absorption of 18%Tm:BYF with Toc=10%
According with previous measurements,[22], the measured sample ab-
sorption for unpolarized pump was approximately of the 77%:the higher of
the set. The slope efficiency was 38.8% and the maximum output power of
0.700 W for 2.1 W absorbed. The measured slope efficiency results slightly
lower but comparable with the one reported in [22]. The measured lasering
threshold, the higher measured for this set up, was 431 mW.
In the last point of the slope, the sample cracked suddenly: showing
that 18% is definitely a too high doping concentration. It is important to
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remark that such high concentrations are suitable to improve the absorption
when the cross section is too low. However the high dopant concentration
distorts the lattice compromising the sample thermomechanical character-
istics. In order to limit this issue, in the substitutional doping, the radius
of the dopant has to be as more similar as possible to the radius of the
replaced atom. We also tried to achieve PQS but the sample damaging was
starting almost instantaneously making impossible the stabilization of the
pulse train. Unfortunately it was impossible to proceed with further tests
because the crystal was too damaged.
4.1.3 12%:Tm:BYF
The second sample analyzed was the 12%:Tm:BYF with an output coupler
transmission (Toc) of the 10%.
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Figure 4.3: Cw performance and absorption of 12%Tm:BYF with Toc=10%
In this case the measured absorption was 47%, the efficiency was 50.1%
(the best CW performance of the set) and the measured laser threshold was
144 mW. The efficiency value seems to be not comparable with the 38.3%
measured in [22]. This was due to the wedging of the sample used in [22].
When a crystal is cut and polished the faces are not perfectly parallel and
this introduce a wedging angle between the faces. This angle affects strongly
the performance introducing cavity losses which can be difficult to correct
trough the alignment, in literature an example of this effect can be found in
[23]. The maximum output reached was 620 mW for 1.3 W absorbed for an
absorption of 47% we did non pumped too hard in order to avoid the crack
before the PQS operations.
However even this sample resulted too fragile for this kind of application:
when the saturable absorber has been introduced it started to be damaged
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instantaneously. The crystal was burning spot by spot without reaching any
stable pulse train.
4.1.4 8%:Tm:BYF
The last sample tested was the 8%Tm:BYF.
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Figure 4.4: Cw performance and absorption of 8%Tm:BYF with Toc=10%
and Toc=20%
In this case the absorption was 43% with Toc=10% and 41% with Toc=20%.
These values are not in agreement with ones reported in [22]: 45% for a
sample of 2.5 mm (1.7 mm shorter than the one used in this work). The
absorption is supposed to be larger for the longer sample. Moreover, in
[22] the absorption values reported for the 8% doped 2.5 mm thick and the
12% doped 3.1 mm thick samples are very similar ( respectively the 45%
and 53%), while the 18% doped 3.1mm thick sample absorbs the 77%. For
these reasons we decided to measure again the absorption for the 2.5 mm
thick sample (the one used in [22]) obtaining an absorption of the 30.5%
which leads to a CW efficiency of the 37.4% 35.5% for the two configuration
Toc=10% and Toc=20% respectively (in agreement with our thicker sample).
This sample shows the lowest threshold 120 mW and a slope efficiency of
45.6% for Toc=10% and 43% for Toc=20%. We limited the CW performance
to 530 mW of output for 1.30 W absorbed Fig.4.4a.
The PQS performance stars to be stable with this sample giving us
the possibility to obtain good pulse trains. The stability has been reached
inserting an Cr2+:ZnS saturable absorber with an initial transmission of 92%
for two different configuration: Toc=10% Fig.4.5a and Toc=20% Fig.4.5b.
The best performance has been obtained with Toc=20% and Tsa=92% ZnS
as shown in Fig.4.5b. The energy pulse reached was 500 mJ, the peak power
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16.6 kW , the pulse duration around 30 ns, repetition rate 30Hz and The
laser threshold is 350 mW.
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Figure 4.5: 8%Tm:BYF PQS performance in 120 µm pump waist configu-
ration.
(Toc=10%) gain media SA
Iintr(Isat) 1022 69 [kW/cm
2]
Iintr(IPP ) 878 59 [MW/cm
2]
(Toc=20%) gain media SA
Iintr(Isat) 1022 69 [kW/cm
2]
Iintr(IPP ) 627 42 [MW/cm
2]
Table 4.1: Intra-cavity intensity on the gain media and on the absorber
calculated for the saturation intensity of the absorber and for the maximum
peak power reached with Toc=10% and Toc=20%
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However the wavelength was not stable. In this case the laser spectra
was oscillating between two peak: one at 1915 nm and the other at 1919 nm,
Fig.4.5c. This behavior may be due to the damaging of the crystal which
might generate some instability in the setup.
Figure 4.6: The samples at the end of 120µm pump waist measures.
However, switching the OC in order to use a 32% transmission and reduce
the intra-cavity power no laser operation was achieved. Furthermore, as
consequence of the instability, the characteristic burn spot observed in the
other samples appear also on the 8%Tm:BYF 4.2 mm thick sample, 4.6.
In order to decrease the energy density on the crystal, and than to reduce
the damaging the experimental set up has been modified. The the collimator
and the focusing lens have been replaced so that the pump waist has been
enlarged increasing the diameter from 120µm to 240µm.
The PQS become much more stable in this configuration but, as a draw-
back, with the new setup the CW slope efficiency decreases significantly:
from 45.6% to 37.5%, with Toc=10%, and also the absorption decreases
from the 43% to 39%. In the same way, for Toc=20%, the slope decreases
from 43% to 34% and the absorption from 41% to 37%.
The energy pulses obtained in this setup in combination with both the
SAs (92% ZnS and the 85% ZnSe) have a stable spectra as shown in Fig.4.7e.
As a consequence of the pump waist enlarging, the laser threshold in-
crease with respect to the measure obtained with the former configuration.
The best results achieved in this configuration was 756 µJ energy pulses and
19.38 kW of peak power with the 92% ZnS slightly better of results in [22]
where was achieved 720µJ and 17.1kW.
The obtained performance with the 4.2 mm 8% Tm:BYF does not show
any significant improvement with respect to the shorter sample, [22].
This host is definitively too fragile to work in this configuration. Several
calculation was made in order to estimate the damage threshold of our sam-
ple see Tab.4.3. What we can set is an upper limit for the damage fluence
4.1. TM:BYF 67
100
300
 H
z 
10
30
 n
s 
0
400
800
J 
0
10
20
 k
W
 
0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
25
75
 m
W
 
Absorbed power (W)
(a) PQS performance: Toc=20%,
Tsa=92% ZnS, 240 µm pump waist
0
30
60
90
H
z
0
20
40
ns
0
150
300
450J
0
5
10
kW
0.6 0.7 0.8 0.9
0
20
40
m
W
Absorbed Power (W)
(b) PQS performance: Toc=20%,
Tsa=85% ZnSe, 240 µm pump waist
(c) Pulse train 53Hz: Toc=20%,
Tsa=92% ZnS, 240 µm pump waist
-2.0E-7 0.0 2.0E-7
0.00
0.02
0.04
0.06
Am
pl
Time (s)
(d) Pulse shape: Toc=20%,
Tsa=92% ZnS, 240 µm pump waist
1900 1920 1940
0
100
200
300
400
500
600
700
re
la
tiv
e 
in
te
ns
ity
 a
.u
,
(nm)
(e) PQS spectra: Toc =20%,
Tsa=92% ZnS, 240 µm pump waist
Figure 4.7: 8%Tm:BYF PQS performance in 240 µm pump waist configu-
ration.
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(Tsa=92% ZnS) gain media SA
Iintr(Isat) 1022 69 [kW/cm
2]
Iintr(IPP ) 182 49 [MW/cm
2]
(Tsa=85% ZnSe) gain media SA
Iintr(Isat) 277 19 [kW/cm
2]
Iintr(IPP ) 113 30 [MW/cm
2]
Table 4.2: Intra-cavity intensity on the gain media and on the absorber
calculated for the saturation intensity of the absorber and for the maximum
peak power reached in the two configurations.
120 µm diameter 240 µm diameter
Toc10%
Absorption 43% 39%
CW efficiency 45.6% 37.5%
Toc20%
absorption 41% 37%
CW efficiency 43% 34%
PQS best performances
Peak power 16.6 kW 19.4 kW
Pulse energy 500 µJ 720 µJ
Peak fluence on gain media 44.2 J/cm2 16.7 J/cm2
Table 4.3: Summary of the Tm:BYF PQS results
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threshold, that in our case is 16.7 J/cm2. A possible solution could be the
use of different diode pump able to match exactly the peak in the absorp-
tion of thulium: reducing the energy densities on the sample. However, in
this case, the advantage to work with cheap and easy available 792 nm laser
diodes will be lost.
4.2 Tm-Ho:YLF
The Tm-Ho YLF is a co-doped crystal. Thanks to the strong cross relaxation
it is possible to use the strong and accessible absorption of Thulium around
800 nm (3H6 →3F4) in order to achieve the population inversion in Holmium
(5I7 →5I8).
The main interest in the Holmium transition is due to the longer laser
wavelength with respect to the Thulium laser. The Holmium energy gap be-
tween 5I7 →5I8 is, indeed, slightly lower compared to the 3F4 →3H6 Thulium
transition, as shown in Fig.1.5. In this work the wavelength of the obtained
laser radiation is 2050 nm, 150 nn shifted respect to the one obtained with
the Thulium . This peak find important application in medicine thanks to
the water absorption spectra, as described in the introduction and in Fig.1.
The YLF crystal is dopped with the 5.2% Tm and 0.5% Ho and the
dimensions are 3.07(c)x3.68(a-cut)x2.63(c). In order to maximize the ab-
sorption The crystal is cut and polished perpendicular to the c axis 2.5a.
Setup used in this measurements is the same of the Tm:BYF experiment:
L shape cavity in the configuration with 240µm pump waist diameter.
The measured absorption under laser conditions was 64% and turns out
to be practically independent from the OC transmission.
The CW efficiency has been measured for 5 different OCs: Toc 1.5%,
3.5%, 5.8%,10% and 18% (transmission measured at 2060 nm). The radius
of curvature was 75 mm for all the OCs. CW performance and wavelength
are reported in Fig.4.8a and 4.8b.
As shown in Fig.4.8a, the higher output power achieved was 472 mW
with a slope efficiency of 42.6% for Toc= 5.8%. The efficiency is almost the
same from Toc=1.5% and Toc=10% but for Toc=18% drops to 25%. The
lower slope efficiency for the Toc=18% might be due to the high population
of the upper laser level which amplifies the non linear loss channels
The laser wavelength changes increasing the trasmissivity of the OC from
2052 nm to 2065 nm. These two wavelength correspond to the two peaks in
the gain cross section, Fig.2.10.
Despite the gain value at 2065 nm is twice the value in 2052 nm, the
2052 nm laser emission appears because of the output coupler used. The
OC used are designed for the Tm radiation, consequently the cavity gain is
lower for longer wavelength and moves the working point on the 2052 nm
peak.
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Figure 4.8: 5.2%Tm-0.5%Ho:YLF CW performance and spectra.
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Inserting the SA in the cavity the PQS was reached with both kind
of absorbers available. The achievement of a stable PQS in this case was
easier with respect to the Tm:BYF since the energy peak pulse was 2 order
of magnitude lower.
From the comparison of different absorbers we found out that the higher
pulses energy and lower repetition rates were obtained with Cr:ZnSe, as ex-
pected. Thus we decided to focus mainly on the Cr:ZnSe 76% (92% @2050)
saturable absorber.
The extraction efficiency in PQS was of the 10% for the Toc=3.5, the
10.9% for the Toc=5.8 and the 8% for the Toc=10%. In the case of the
Toc=1.5, instead, the slope was only 5.3% and no PQS operation was possi-
ble for Toc=18% due to the high threshold. The poor extraction efficiency
for Toc=1.5 is caused by some losses introduced from the insertion of the
saturable absorber. Those losses are mainly due to the excited state absorp-
tion in the saturable absorber, this condition is amplified by the high intra
cavity power density.
The best performance obtained in terms of pulse energy and peak power
was obtained with Toc=5.8 and was 33µJ of pulse energy and 640 W of peak
power.
The shortest pulse, instead, was achieved for Toc=1.5% where we mea-
sured pulses of 40ns.
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Figure 4.9: 5.2%Tm-0.5%Ho:YLF PQS performace with Cr:ZnSe 76% (92%
@2050) average output power, pulse energy and spectra.
Chapter 5
Conclusion and outlook
In this thesis Passive Q-switching(PQS) in the 2 µm region has been in-
vestigated for two different rare earths doped fluoride in combination with
polycrystalline Cr2+-doped saturable absorbers. This technique, obtained
by intracavity insertion of a saturable absorber, allow us to reach short pulses
(tens of ns long) and high peak power (up to tens of kW), without the need
to use active devices and thus considerably reducing costs and complexity.
The samples analyzed in this work were: Thulium doped BaY2F8(BYF)
and Thulium Holmium co-doped YLiF4(YLF). These samples have been
used in combination with Cr2+:ZnS and Cr2+:ZnSe saturable absorbers.
The Tm-Ho:YLF was doped with 5% of Thulium and 0.5% of Holmium
and it is engineered in order to obtain laser operation in the 5I7 →5I8 tran-
sition of Holmium.
Tm-Ho:YLF confirms the excellent results obtained with single doped
Tm:YLF and Tm:LiLuF4 (known as LLF). The PQS was easy to achieve
and to optimize without incurring in damage. In this work we have been
able to reach pulse duration up to 40 ns and pulse energy of 640 W for a
2051 nm laser wavelength.
In literature several results for Tm-Ho co-doped systems in PQS regime
are present (Tm-Ho:YLF [7], Tm-Ho:LLF [8], Tm-Ho:GdVO4 [9]). All these
results show very long pulse durations. Only Tm-Ho:GdVO4 in [9] shows
sub 1 µs operations, demonstrating 354 ns pulse duration and 70.5 µJ pulse
energy using a complex 2 crystal liquid-N2 cooled setup. It is important to
point out that in all these works [7, 8, 9] the saturable absorber was always
the Cr2+:ZnS. Therefore the pulses measured with our setup are the shortest
and have the highest peak powers so far reported for diode pumped solid
state laser based on the Ho transition [24].
This result is due to the good quality of the crystal and to the use of
a Cr2+:ZnSe as saturable absorber which is definitely more suitable in Ho-
based application thanks to the three time higher cross section at 2050 nm.
For future direction, in order to increase further the peak power and the
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pulse energy, could be interesting the use LLF as host in combination with
a Cr2+:ZnSe (since it shows better results as single doped host).
In this work have been analyzed also three Tm:BYF samples doped with
respectively 18%, 12% and 8% of Thulium. In this case the laser operation
is achieved in the 3F4 →3H6 transition of Thulium. The continuous wave
operation was achieved with all the three samples demonstrating conversion
efficiency up to 50.1%. In PQS regime instead we faced with a serious
damaging problem due to the high intracavity fluences. Stable pulse trains
were achieved only for the 8%. With this sample was reached up to 19.4
kW of peak power and 756 µJ of pulse energy for a wavelength of 1918 nm.
However these performances were poor compared to other Thulium doped
fluoride like YLF [5] or LiLuF4 [6]. In [5] energy pulses of 0.9 mJ and peak
power of 65 kW were reached and in [6] energy pulses of 1.26 mJ, peak
power 166 kW has been found. The samples were both 8% Tm doped and
the lifetimes of the excited laser level is similar to the one of the BYF: 14.07
ms for the YLF and 12.06 ms for the LLF.
In conclusion Tm:BYF, even if it shows a good energy storing capacity
due to the long lifetime (16.95 ms), seems hardly suitable in PQS operations
in this configuration. In literature is not present an exact estimation of the
fluence damaging threshold for the BYF but we can fix as upper limit for
our sample of 16.7 J/cm2. The only comparable result was in [25] where by
active Q-switching , thanks to the higher control of the repetition rate, was
achieved ≈ 3 mJ of pulse energy and a comparable peak power of 19 kW.
In order to improve the results the setup, specially the pump, could be
improved but as a drawback we will lose the the possibility to work with
easily available diodes and a simple setup which is one the main advantage
of the system described in this work. Another approach could be the use
of BaYLuF8 as host [26] ( which is a isomorphous variant of BaY2 F8)
following the same philosophy between YLF and LLF indeed in BaYLuF8
the substitution of Yttrium with Lutetium makes the crystal more resistant
to cracking, and increase the damage threshold.
Appendix A
Appendix
A.1 Irreducible tensor operator
An irreducible tensor operator of degree k is each operator Tk whose 2k +
1 components Tkq with q = (−k,−k + 1, . . . , k − k) satisfy the following
commutation rules:
[J±,Tkq] =
√
k(k + 1)− q(q + 1)Tk,q±1 (A.1)
[Jz,Tkq] = qTkq (A.2)
This commutation rules are the same commutation rules of the spherical
harmonics with J . In this construction q is the projection of the k along
the quantization axis, so in this way we set the behavior of all possible
projections.
The matrix elements of a tensor operator can be calculated using the
Wigner-Eckart theorem:
〈γJM |Tkq|γ′J ′,M ′〉 = (−1)(J−M)
(
J k J ′
−M q M
)
〈γJ ||Tk||γ′J ′〉 (A.3)
Where 〈γJ ||Tk||γ′J ′〉 is the reduced matrix element γ and γ′ all the
quantum number that the tensor operator does not act.
And the 3-j symbol is defined:
(
j1 j2 j
m1 m2 −m
)
=
(−1)j2−j1−m√
2j + 1
〈j1j2;m1m2|j2j1; jm〉 (A.4)
with 〈j1j2;m1m2|j2j1; jm〉 the Clebsch-Gordan coefficients that repre-
sent the coefficients of the development of the eigenfunction of j = j1 + j2
in the j1 and j2 basis.
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So in this way we make explicit the contributions of M , the projection
along the quantization axis of the total angular momenta J , by Clebsch-
Gordan coefficients.
Is possible define the products with the same commutation rules as A.2
tensors operators that acts on different part of the same system. For example
Tk1q1 and Tk2q2 . And then define the product tensor operator XKQ
XKQ =
∑
q1,q2
Tk1,q1Uk2,q2(2K + 1)
1/2(−1)k1−k2+Q
(
k1 k2 K
q1 q2 −Q
)
(A.5)
={Tk1 ,Uk2}KQ (A.6)
That follow:
[J±,XKQ] =
√
K(K + 1)−Q(Q+ 1)TK,Q±1 (A.7)
[Jz,XKQ] = QXKQ (A.8)
The general matrix element of the XKQ tensor operator can be written
by the Wigner-Eckart theorem exactly as before.
〈γj1j2JM |XKQ|γ′j′1j′2J ′M ′〉 =
= (−1)J−MJ
(
J K J ′
−MJ Q MJ ′
)
〈γj1j2J ||XK ||γ′j′1j′2J ′〉 (A.9)
And the reduced matrix element can be written as the product of two
reduced matrices that acts on different part of the same system.
〈γj1j2J ||XK ||γ′j′1j′2J ′〉
=
∑
γ′′
〈γj1||Tk1 ||γ′′j′1〉〈γ′′j2||Uk2 ||γ′j′2〉
× {(2J + 1)(2K + 1)(2J ′ + 1)}1/2

j1 j
′
1 k1
j2 j
′
2 k2
J J ′ K
 (A.10)
So we can decouple also a product tensor operator component. By the
general definition we can calculate any case of interest.
The last definition we need is useful in the case k1 = k2 = k and is the
scalar product.
(Tk. Uk) =
∑
k
(−1)qTkqUk−q (A.11)
This are all the ingredient needed to calculate the expressions (1.18)
(1.24).For detail see [1] and [10]
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A.2 Paraxial approximation
In order to describe the behaviour of cavity we have to understand how an
optical beam propagates through the space. When the transverse extension
of the beam is larger compared to the wavelength we can introduce the
paraxial approximation.
An electromagnetic wave propagation in free space follow the scalar equa-
tion:
[∇2 + k2]E(x, y, z) = 0 (A.12)
with E(x, y, z) is the amplitude of the field and k is the wavevector.
What we want to describe is a beam that propagates in the direction z so
we can write the electric filed as.
E(x, y, z) ≡ u(x, y, z)e−ikz (A.13)
Where we extracted the spatial main dependence along z axis and kept
the residual space dependence in u(x, y, z) that is a slow varying complex
function. Substituting in A.12 and solving it.
∂2u
∂x2
+
∂2u
∂y2
+
∂2u
∂z2
− 2ik∂u
∂z
= 0 (A.14)
If the beam is propagating along z the amplitude variation of the field
E(x, y, z) is strongest along the x and y axes, and as we told the transverse
extension of the beam is larger that the wavelength. We can introduce the
paraxial approximation:∣∣∣∣∂2u∂z2
∣∣∣∣2  ∣∣∣∣2k∂u∂z
∣∣∣∣ or ∣∣∣∣∂2u∂2x
∣∣∣∣ or ∣∣∣∣∂2u∂2y
∣∣∣∣ (A.15)
In the differential equation we can drop the second partial derivate in z
and become the paraxial wave equation.
∂2u
∂x2
+
∂2u
∂y2
− 2ik∂u
∂z
= 0 (A.16)
∇2tu(s, z) = −2ik
∂u(s, z)
∂z
(A.17)
Where s are the transverse coordinates s ≡ (x, y) and ∇2t is the is the
laplacian operator in this coordinates. The wave equation changed so change
also the solution that become the paraxial spherical wave.
E(x, y, z) ≈ 1
z − z0 exp
[
−ik (x− x0)
2 + (y − y0)2
2(z − z0)
]
(A.18)
where (x0, y0, z0) is the position of the source. Is also useful to define
R(z) = z−z0 that i the radius of curvature of the spherical wave at the plane
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z and generalize it. Making it complex and adding a generic q0 complex too
become:
q(z) = q0 + z − z0 (A.19)
So the values of this complex radius at source plane z = z0 is just
q(z0) = q0 and that can be also rewritten:
1
q(z)
=
1
R0
− i λ
piω2(z)
(A.20)
Where R(z) is again the radius of curvature and ω(z) is the spot size of
the wave at the plane z.
At this point we can redefine the A.18 that is the solution of the paraxial
wave equation to :
E(x, y, z) ≈ 1
q0
exp
[
−ikx
2 + y2
2q0
]
(A.21)
1
q0
exp
[
−ikx
2 + y2
2R0(z)
− x
2 + y2
2ω2(z)
]
(A.22)
This is the expression of a gaussian spherical beam. Considering now a
gaussian beam with a spotsize ω0 and infinite radius of curvature at z = 0,
(almost plane). Then the A.20 give us q0 = ipiω
2
0/λ = izR.
Now all the parameters of gaussian beam can easily related to the waist
ω0 and the ratio z/zR
w(z) = wo
√
1 +
(
z
zR
)2
, (A.23)
R(z) = z +
z2R
z
, (A.24)
(A.25)
with zR the so called Rayleigh range and b the confocal parameter.
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Figure A.1: Rayleigh range
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